Abstract
Introduction
induction of the heat-shock response by differential synthesis of mono-methyl branched chain fatty acids (mmBCFA), metabolites with 120 a central role in development (Kniazeva et al. 2004 ). These results demonstrate the power of 121 using the natural genetic diversity across the C. elegans species to identify mechanisms by 122 which environmental toxins affect physiology. 123 124
Results 125 126
Natural variation on chromosome II underlies differences in arsenic responses 127 We quantified arsenic trioxide sensitivity in C. elegans using a high-throughput fitness 128 assay that utilizes the COPAS BIOSORT (Andersen et al. 2015 ; Zdraljevic et al. 2017) . In this 129 assay, three L4 larvae from each strain were sorted into arsenic trioxide or control conditions. 130
After four days of growth, we measured the brood size and progeny lengths of these animals 131 using the BIOSORT. We defined brood size as the total number of objects detected by the 132 BIOSORT and progeny length by the median of individual progeny time-of-flight (TOF) 133 measurements. To identify an appropriate concentration of arsenic trioxide for linkage and GWA 134 mapping assays, we performed dose-response experiments on four genetically diverged 135 isolates of C. elegans: N2, CB4856, JU776, and DL238 ( Figure S1A ). When compared to 136 control conditions, all four strains produced fewer progeny at all arsenic trioxide concentrations, 137 whereby the lowest concentration at which we observed a significant reduction in brood size for 138 all strains was 1 mM. In addition to reduced brood sizes, we observed that the progeny of 139 animals exposed to arsenic trioxide were shorter in length than the progeny of animals grown in 140 control conditions, which indicates an arsenic-induced developmental delay ( Figure S1B ). We 141 found that CB4856 animals produced approximately 16% more offspring that were on average 142 20% larger than JU775, DL238, and N2 animals when treated with 1 mM arsenic trioxide, 143
suggesting that the CB4856 strain was more resistant to arsenic trioxide than the other three 144 strains. 145
The increased arsenic trioxide resistance of CB4856 compared to N2 motivated us to 146 perform linkage mapping experiments with a panel of recombinant inbred advanced intercross 147 lines (RIAILs) that were previously constructed through ten generations of intercrossing 148 between an N2 derivative (QX1430) and CB4856 (Andersen et al. 2015) . To capture arsenic 149 trioxide-induced phenotypic differences in brood size and progeny length, we exposed a panel 150 of 252 RIAILs to 1 mM arsenic trioxide. For both traits, we corrected for growth differences 151 among RIAILs in control conditions and assay-to-assay variability using linear regression (see 152
Materials and Methods). Linkage mapping analysis revealed that arsenic trioxide-induced 153 variation in RIAIL brood size and progeny length are significantly associated with genetic 154 variation on the center of chromosome II ( Figure 1A ). The brood-size quantitative trait locus 155 (QTL) explains 9.4% of the variation in brood size among strains in the RIAIL panel, and the 156 confidence interval spans from 6.04 to 9.30 Mb on chromosome II. This QTL completely 157 encompasses the progeny-length QTL, which has a confidence interval spanning from 6.82 to 158 8.93 Mb on chromosome II and explains 24.9% of the variation in progeny length among the 159
RIAILs. Matching our observations from the dose-response experiments, RIAILs with the 160 CB4856 genotype at the peak marker for these QTL had larger brood sizes and longer progeny 161 in the presence of arsenic trioxide than recombinant lines with the N2 genotype ( Figure S2A -B). 162
Because the confidence intervals of these QTL overlap, variation in brood size and progeny 163 length in the RIAIL panel could be affected by the same genetic variant(s). However, each of 164 these QTL confidence intervals span genomic regions greater than two megabases and contain 165 hundreds of genes that vary between N2 and CB4856 (brood size: 567, progeny length: 373). 166
Therefore, we constructed near-isogenic lines (NILs) to isolate and narrow each QTL in a 167 controlled genetic background. 168 
178
(Brood size: Tukey HSD p-value < 1.56E-7; Animal Length: Tukey HSD p-value < 3.0E-14).
180
To split the large QTL confidence intervals in half, we introgressed genomic regions from 181 the CB4856 strain on the left and right halves of the confidence intervals into the N2 genetic 182 background. In the presence of arsenic trioxide, both of these NILs had similar brood sizes and 183 progeny of similar length as the CB4856 parental strain ( Figure 1B and C and post-processed using the easysorter R package (Andersen et al. 2015) . In total, 67 199 processed phenotype measurements were included in the PCA. This analysis revealed that 200 eight principal components (PCs) explain more than 95% of the variation in the data set, and the 201 first PC alone captures approximately 68% of the variation in the data set ( Figure S3 ). Closer 202 inspection of the first PC indicates that it is highly correlated with the progeny length trait, 203 median TOF (r = 0.89, p-value = 4.7E-31) ( Figure S4 ). We therefore considered the first PC as 204 a progeny length-related phenotype for GWA mapping. Variation in the first PC among the wild 205 isolates mapped to a QTL on the center of chromosome II that spans from 7.43 Mb to 8.33 Mb 206 ( Figure 2A ). This QTL overlaps with the QTL identified by linkage mapping and follow-up NIL 207 experiments, which suggested to us that the same causal genetic variant(s) underlies both QTL. 208
Additionally, strains with the non-reference genotype at the peak SNV from the PC mapping 209 tended to have higher PC1 values, which correlated with longer progeny lengths, than strains 210 with the reference genotype when exposed to arsenic trioxide ( Figure 2B Hackert 1990). In C. elegans, the putative lipoylated lysine residue is located at amino acid 253 position 71 of DBT-1, which is in close proximity to the C78S residue that we found to be highly 254 correlated with arsenic trioxide resistance. 255
To confirm that the C78S variant in DBT-1 contributes to differential arsenic trioxide 256 responses, we used CRISPR/Cas9-mediated genome editing to generate allele-replacement 257 strains by changing the C78 residue in the N2 strain to a serine and the S78 residue in the 258 CB4856 strain to a cysteine. Arsenic trioxide treatment of these strains revealed that the N2 259
DBT-1(S78) allele-replacement strain had increased resistance to arsenic trioxide, as measured 260 by brood size ( Figure 3A ) and progeny lengths ( Figure 3B ), when compared to the parental N2 261
DBT-1(C78) strain. Conversely, the CB4856 DBT-1(C78) allele-replacement strain had 262 decreased resistance to arsenic trioxide, as measured by brood size ( Figure 3A ) and progeny 263 lengths ( Figure 3B ), when compared to the parental CB4856 DBT-1(S78) strain. We obtained 264 the same result when we used the first PC from principal component analysis as a trait ( Figure  265 S5). When considering brood size, the N2 DBT-1(C78S) allele-replacement strain produced an 266 intermediate number of progeny in the presence of arsenic trioxide relative to the parental N2 267
and CB4856 strains. However, the CB4856 DBT-1(S78C) allele-replacement strain produced 268 fewer offspring than both parental strains ( Figure 3A) . Interestingly, the N2 DBT-1(S78) strain 269 had the same level of resistance to arsenic trioxide, as measured by progeny length, as the 270 parental CB4856 strain. However, the CB4856 DBT-1(C78) strain was still more resistant to 271 arsenic trioxide than the parental N2 strain ( Figure 3B ). These results suggested that additional 272 genetic differences between the N2 and CB4856 strains might interact with the DBT-1(C78S) 273 allele. Nevertheless, these results functionally validate the DBT-1 C78S variant underlies 274 differences in physiological responses in the presence arsenic trioxide. 275 Because DBT-1 is involved in BCAA catabolism, we hypothesized that the DBT-294 1(C78S)-dependent difference in progeny length between N2 and CB4856 upon arsenic trioxide 295 treatment might be caused by depletion of downstream mmBCFAs. To test this hypothesis, we 296 quantified the abundance of the isomer (ISO) and straight-chain forms of C15 and C17 in the 297 N2, CB4856, and allele-swap genetic backgrounds. We measured the metabolite levels in 298 staged L1 animals and normalized the detected amounts of C15ISO and C17ISO relative to the 299 abundances of straight-chain C15 and C17, respectively, to mitigate confounding effects of 300 differences in developmental speeds that could result from genetic background differences or 301 arsenic trioxide exposure. As expected, we observed a reduction of C15ISO in arsenic-treated 302 animals ( Figure 4B ). Although C15ISO was more abundant in N2 than in CB4856 animals, 303 arsenic reduced C15ISO production more strongly in N2 than in CB4856, in agreement with our 304 physiological observations that CB4856 was more resistant to arsenic trioxide ( Figure 3 ). The 305 fact that N2 animals had an approximately 1.75-fold higher ISO/straight-chain ratio in mock 306 conditions than CB4856 animals suggested that N2 might require higher levels of mmBCFA and 307 thus be more susceptible to reduction in these fatty acids. 308
We also quantified C15ISO amounts in the allele-replacement strains N2 DBT-1(S78) 309 and CB4856 DBT-1(C78) when exposed to arsenic ( Figure 4B ). In both strains, arsenic 310 exposure was correlated with reduced C15ISO production. In agreement with the predicted 311 outcome, N2 DBT1(S78) was less impacted by arsenic than the N2 strain. By contrast, CB4856 312 DBT-1(C78) was more strongly affected by arsenic than the CB4856 strain. Correspondingly, 313 the observed reduction of C15ISO by arsenic treatment appeared to be greater in CB4856 DBT-314 1(C78) carrying the N2 allele of DBT-1 (47% decrease; Tukey HSD p-value = 0.019) than in N2 315
DBT-1(S78) (31% decrease; Tukey HSD p-value = 0.26). Interestingly, production of C15ISO 316 was significantly increased in CB4856 DBT-1(C78) compared to the parent strain CB4856, 317 whereas C15ISO levels in N2 DBT-1(S78) were not significantly different from those measured 318 for N2. We observed similar trends for the C17ISO/straight-chain ratio ( Figure S6 ) and raw 319 abundances of C15ISO and C17ISO ( Figure S7 ). Notably, we did not detect any significant 320 differences between the levels of C15 and C17 straight-chain fatty acids, indicating that the 321 effect of the DBT-1 C78S variant was specific to branched-chain fatty acids ( Figure S8 ). These 322 results, in combination with our physiological observations that the C78S allele, explained the 323 majority of the physiological differences between N2 and CB4856 in the presence of arsenic 324 trioxide ( Figure 3 ) and suggested that the DBT-1(C78) allele was inhibited by arsenic trioxide 325 more strongly than DBT-1(S78). 326
Next, we investigated if mmBCFA supplementation of the growth media used in our 327 physiological assay could rescue the effects of arsenic trioxide toxicity. We exposed the 328 parental and the DBT-1 allele-replacement strains to media containing arsenic trioxide alone, 329 C15ISO alone, or a combination of arsenic trioxide and C15ISO. Median progeny length of 330 arsenic-treated N2 and CB4856 DBT-1(S78C) strains increased by 9% and 15%, respectively, 331 when supplemented with C15ISO ( Figure 4C , Figure S9 ). These C15ISO-derived increases in 332 body length correspond to a 38% and 63% rescue of the allele-specific arsenic affect in the 333 respective genetic backgrounds. By contrast, CB4856 and N2 DBT-1(C78S) median progeny 334 lengths were unaffected by C15ISO supplementation in arsenic trioxide media. Collectively, 335 these data support the hypothesis that the cysteine/serine variant in DBT-1 contributes to 336 arsenic sensitivity in C. elegans, and the DBT-1(C78) variant can be partially rescued by 337 supplementation with mmBCFAs. To test whether our results from C. elegans translate to human variation in arsenic 360 sensitivity, we tested the role of DBT1 variation on arsenic trioxide responses and mmBCFA 361 biosynthesis in human cells. The human DBT1 enzyme contains a serine at position 112 that 362 corresponds to the C78 residue in C. elegans DBT-1 ( Figure 5A ). Using CRISPR/Cas9, we 363 edited batch cultures of 293T cells to generate a subset of cells with DBT1(S112C). These cells 364 were exposed to arsenic trioxide or control conditions and we monitored changes in the fraction 365 of cells carrying the DBT1(C112) allele. We found that arsenic exposure caused a 4% increase 366 in the fraction of cells that contained the DBT1(C112) allele ( Figure 5B ). Though the human 367 DBT1 does not vary within the human population at S112, two residues in close spatial 368 proximity to S112 do vary among individuals in the population (R113C and W84C) ( Figure 5A ) 369 (Forbes et al. 2008 ). To test the effects of these residues on arsenic trioxide sensitivity, we 370 performed the same editing and arsenic selection procedure described above. Over the course 371 of the selection experiment, cells with DBT1(W84C) and DBT1(R113C) increased by 2% and 372 1%, respectively ( Figure 5B ). All three cysteine edits caused an increase in fitness in batch-373 edited human cell cultures exposed to arsenic. To determine if branched-chain fatty acid 374 production was altered by arsenic exposure, as we found in C. elegans, we measured mmBCFA 375 production in unedited 293T cells in arsenic and mock-treated cultures. We found that overall 376 fatty acid production was markedly reduced in arsenic-treated cultures. In contrast to our 377 observations in C. elegans, straight-chain fatty acids were more drastically reduced than ISO 378 fatty acids (Supplemental data 24). These results are consistent with our observations that 379 arsenic does not have as strong of an effect on C. elegans strains with the DBT-1 S78 allele. 380
Additionally, the DBT1(C112) allele, similar to the C. elegans DBT-1(C78) allele, was associated 381 with higher production of mmBCFAs. to the discovery of a novel mechanism by which this compound could elicit toxicity. We show 408 that arsenic trioxide differentially inhibits two natural alleles of the E2 domain of the BCKDH 409 complex, which is encoded by the dbt-1 gene. Specifically, strains with the DBT-1(C78) allele 410 are more sensitive to arsenic trioxide than strains carrying the DBT-1(S78) allele, as measured 411 by progeny production and growth (Figure 3) . Furthermore, we show that the increased 412 sensitivity of the DBT-1(C78) allele is largely explained by differences in the production of 413 mmBCFAs ( Figure 4B-C Figure S10 ). 424
Alternatively, arsenic trioxide could inhibit DBT-1(C78) through coordination between the thiol 425 groups of C78 and C65 (~8.5 Å) ( Figure S10 ). Analogous thiol-dependent mechanisms have 426 been proposed for the inhibition of other enzymes by arsenic ). Despite 427 structural similarities and a shared cofactor, no evidence in the literature indicates that BCKDH 428 is inhibited by arsenic trioxide, so these results demonstrate the first connection of arsenic 429 toxicity to BCKDH E2 subunit inhibition. 430
Multiple sequence alignments show that cysteine residues C65 and C78 of C. elegans 431 DBT-1 correspond to residues S112 and C99 of human DBT1 ( Figure 5A ). cell lines that contain the DBT1 C112 allele ( Figure 5 ) is caused by increased activity of the 440 BCKDH complex. In agreement, we found that C. elegans strains with the DBT-1 C78 allele 441 produce more mmBCFAs than strains with the S78 allele ( Figure 4b and Figure S6 species spread across the globe into areas with lower levels of arsenic in the soil and water, the 465 selective pressure to maintain high arsenic tolerance was relaxed and the cysteine allele 466 appeared. Alternatively, higher mmBCFA levels in strains with the DBT-1(C78) allele ( Figure  467 S7) might cause faster development in certain conditions, although we did not observe allele-468 specific growth differences in laboratory conditions. Despite these clues suggesting selection in 469 local environments, the genomic region surrounding the dbt-1 locus does not appear to have a 470 strong signature of selection as measured by Tajima's D (Tajima 1989 ) ( Figure S11 ), and the 471 strains with the DBT-1 S78 allele show no signs of geographic clustering ( Figure S12 ). In the 472 future, it will be important to sample additional C. elegans wild strains and measure arsenic 473 levels in the natural substrates to further explore this possible connection. concentration of 5 mg/ml and grown for two days at 20ºC. Next, three L4 larvae were sorted 499 using a large-particle flow cytometer (COPAS BIOSORT, Union Biometrica, Holliston, MA) into 500 microtiter plates that contain HB101 lysate at 10 mg/ml, K medium, 31.25 µM kanamycin, and 501 either drug dissolved in 1% water or 1% water alone. The animals were then grown for four 502 days at 20ºC. The resulting populations were treated with sodium azide (50 mM) prior to being 503 measured with the BIOSORT. 504 505
Calculation of fitness traits for genetic mappings 506
Phenotype data generated using the BIOSORT were processed using the R package 507 easysorter, which was specifically developed for processing this type of data (Shimko and  508 Andersen 2014). Briefly, the function read_data, reads in raw phenotype data and runs a 509 support vector machine to identify and eliminate bubbles. Next, the remove_contamination 510 function eliminates any wells that were identified as contaminated prior to scoring population 511 parameters. The sumplate function is then used to generate summary statistics of the measured 512 parameters for each animal in each well. These summary statistics include the 10th, 25th, 50th, 513 75th, and 90th quantiles for time of flight (TOF), which corresponds to animal length. Measured 514 brood sizes (n) are normalized by the number of animals that were originally sorted into each 515 well (norm.n). After summary statistics for each well are calculated, we accounted for 516 differences between assays using the the regress(assay=TRUE) function in the easysorter 517 package. Outliers in the GWA and linkage mapping experiments were identified and eliminated 518 using the bamf_prune function in easysorter. For follow-up experiments that contained multiple 519
replicates for each strain, we eliminated strain replicates that were more than two standard 520 deviations from the strain mean for each condition tested. Finally, drug-specific effects were 521 calculated using the regress(assay=FALSE) function from easysorter, which accounts for strain-522 specific differences in growth parameters present in control conditions. 523 524
Arsenic trioxide dose-response assays 525
All dose-response experiments were performed on four genetically diverged strains (N2, 526 CB4856, DL238, and JU258) in technical quadruplicates prior to performing GWA and linkage 527 mapping experiments (Supplemental data 1). Animals were assayed using the HTA, and 528 phenotypic analyses were performed as described above. responses to 1000 µM arsenic trioxide were quantified using the HTA described above 552 (Supplemental data 6-8). NIL whole-genome sequencing and analysis was performed as 553 described previously (Brady et al. 2018 ) (Supplemental data 9). 554 555
Genome-wide association mapping 556
Genome-wide association (GWA) mapping was performed using phenotype data from 86 557 C. elegans isotypes (Supplemental data 10-13). We used the cegwas R package for association 558 mapping and post-mapping processing (Cook, Zdraljevic, Roberts, et al. 2016 ). This package 559 uses the EMMA algorithm for performing association mapping and correcting for population 560 structure (Kang et al. 2008) , which is implemented by the GWAS function in the rrBLUP 561 package (Endelman 2011 (Andersen et al. 2012 ) that had at least 5% minor allele frequency in the 86 isotype set 568 were used for performing GWA mappings. Association mappings that contained at least one 569 SNV that had a value greater than the Bonferroni-corrected value were processed further using 570 fine mapping. Brood size and animal length significance scores can be found in Supplemental 571 data 14. 572 573
Principal component analysis 574
The COPAS BIOSORT quantifies individual animal length (TOF), optical density (EXT), 575 fluorescence (green, yellow, and red), and total animals in a well normalized by the number of 576 animals initially sorted into the well (brood size). All of these measurements were then 577 summarized using the easysorter package to generate various summary statistics of each raw 578 BIOSORT parameter, including five distribution quantiles and measures of dispersion (Andersen 579 et al. 2015) . Prior to principal component analysis (PCA), HTA phenotypes were scaled to have 580 a mean of zero and a standard deviation of one using the scale function in R. PCA was 581 performed using the prcomp function in R (Team 2017) (Supplemental data 15). The variance 582 explained for each principal components is located in Supplemental data 16. Genome-wide 583 mapping results using the first principal component are available in Supplemental data 17. 584 585
Fine mapping 586
We previously described the identification of QTL confidence intervals and fine-mapping 587 (Zdraljevic et al. 2017 ). In short, we used the process_correlations() and the 588 variant_correlation() functions in the cegwas package. These functions calculate the p-value 589 associated with the Spearman's correlation coefficient between each variant in the QTL 590 confidence interval and the kinship-corrected phenotype used in the GWA (Supplemental data 591 18). 592 593
Generation of dbt-1 allele replacement strains 594
Allele replacement strains were generated using CRISPR/Cas9-mediated genome editing, using 595 the co-CRISPR approach (Kim et al. 2014 ) with Cas9 ribonucleoprotein delivery (Paix et al. 596 2015) . Alt-R TM crRNA and tracrRNA (Supplemental table 2) were purchased from IDT (Skokie, 597 IL). tracrRNA (IDT, 1072532) was injected at a concentration of 13.6 µM. The dpy-10 and the 598 dbt-1 crRNAs were injected at 4 µM and 9.6 µM, respectively. The dpy-10 and the dbt-1 single-599 stranded oligodeoxynucleotides (ssODN) repair templates were injected at 1.34 µM and 4 µM, 600
respectively. Cas9 protein (IDT, 1074182) was injected at 23 µM. To generate injection mixes, 601 the tracrRNA and crRNAs were incubated at 95ºC for five minutes and 10ºC for 10 minutes. 602
Next, Cas9 protein was added and incubated for five minutes at room temperature. Finally, 603 repair templates and nuclease-free water were added to the mixtures and loaded into pulled 604 injection needles (1B100F-4, World Precision Instruments, Sarasota, FL). Individual injected P0 605 animals were transferred to new 6 cm NGM plates approximately 18 hours after injections. 606
Individual F1 rollers were then transferred to new 6 cm plates to generate self-progeny. The 607 region surrounding the desired S78C (or C78S) edit was then amplified from F1 rollers using 608 primers oECA1163 and oECA1165. The PCR products were digested using the SfcI restriction 609 enzyme (R0561S, New England Biolabs, Ipswich, MA). Differential band patterns signified 610 successfully edited strains because the N2 S78C, which is encoded by the CAG codon, creates 611 an additional SfcI cut site. Non-Dpy, non-Rol progeny from homozygous edited F1 animals were 612 propagated. If no homozygous edits were obtained, heterozygous F1 progeny were propagated 613 and screened for the presence of the homozygous edits. F1 and F2 progeny were then Sanger 614 sequenced to verify the presence of the proper edited sequence. The phenotypes of allele swap 615 strains in control and arsenic trioxide conditions were measured using the HTA described above 616 (Supplemental data 6-8). PCA phenotypes for allele-swap strains were generated the same way 617 as described above for GWA mapping traits and are located in Supplemental data 19. 618 619
Rescue with 13-methyltetradecanoic acid 620 Strains were grown as described for a standard HTA experiment. In addition to adding arsenic 621 trioixde to experimental wells, we also added a range of C15iso (13-methyltetradecanoic acid, 622
Matreya Catalog # 1605) concentrations to assay rescue of arsenic effects (Supplemental data 623 20-21). 624 625
Growth conditions for metabolite profiling 626
Chunks (~1 cm) were taken from starved plates and placed on multiple fresh 10 cm plates. Prior 627 to starvation, animals were washed off of the plates using M9, and embryos were prepared by 628 bleach-synchronization. Approximately 40,000 embryos were resuspended in 25 ml of K 629 medium and allowed to hatch overnight at 20ºC. L1 larvae were fed 15 mg/ml of HB101 lysate 630 the following morning and allowed to grow at 20ºC for 72 hours. We harvested 100,000 631 embryos from gravid adults by bleaching. These embryos were hatched overnight in 50 ml of K 632 medium in a 125 ml flask. The following day, we added arsenic trioxide to a final concentration 633 of 100 µM and incubated the cultures for 24 hours. After 24 hours, we added HB101 bacterial 634 lysate (2 mg/ml final) to each culture. Finally, we transferred the cultures to 50 ml conical tubes, 635 centrifuged the cultures at 3000 RPM for three minutes, and separated the pellet and 636 supernatant. The ratio of C17ISO/C17straight-chain is plotted on the y-axis for three independent replicates 1116 of the N2, CB4856, and allele swap strains exposed to control (teal) or 100 µM arsenic trioxide 1117 (pink) conditions. The difference between N2 control and N2 arsenic trioxide conditions is 1118 significant (Tukey HSD p-value = 0.036), and the difference between CB4856 mock and arsenic 1119 conditions is (Tukey HSD p-value = 0.024). In The difference between N2 swap control and 1120 arsenic trioxide conditions is not statistically significant (Tukey HSD p-value = 0.89) and the 1121 difference between CB4856 swap mock and arsenic conditions is significant (Tukey HSD p-1122 value = 0.024). 1123 The log-transformed raw abundance of A) C15 straight-chain and B) C17 straight-chain is 1141 plotted on the y-axis for three independent replicates of the N2, CB4856, and allele swap strains 1142 exposed to control (teal) or 100 µM arsenic trioxide (pink) conditions. 1143 Animal Length
